Abstract Few studies have considered the joint association of body mass index (BMI) and physical activity, two modifiable factors, with all-cause mortality after breast cancer diagnosis. Women diagnosed with invasive breast cancer (n = 4,153) between 1991 and 2000 were enrolled in the Breast Cancer Family Registry through populationbased sampling in Northern California, USA; Ontario, Canada; and Melbourne and Sydney, Australia. During a median follow-up of 7.8 years, 725 deaths occurred. Baseline questionnaires assessed moderate and vigorous recreational physical activity and BMI prior to diagnosis. Associations with all-cause mortality were assessed using Cox proportional hazards regression, adjusting for established prognostic factors. Compared with no physical activity, any recreational activity during the 3 years prior to diagnosis was associated with a 34% lower risk of death [hazard ratio (HR) = 0.66, 95% confidence interval (CI): 0.51-0.85] for women with estrogen receptor (ER)-positive tumors, but not those with ER-negative tumors; this association did not appear to differ by race/ethnicity or BMI. Lifetime physical activity was not associated with all-cause mortality. BMI was positively associated with all-cause mortality for women diagnosed at age C50 years with ERpositive tumors (compared with normal-weight women, HR for overweight = 1.39, 95% CI: 0.90-2.15; HR for obese = 1.77, 95% CI: 1.11-2.82). BMI associations did not appear to differ by race/ethnicity. Our findings suggest that physical activity and BMI exert independent effects on overall mortality after breast cancer.
Introduction
Worldwide, breast cancer is the most common cancer and the leading cause of cancer death for women [1] . Breast cancer survivors are at risk of recurrence, second cancers, and premature death [2] [3] [4] . Therefore, it is critical to identify modifiable factors that can reduce the risk of these conditions and improve prognosis. The association between body size and survival after breast cancer diagnosis has been examined extensively, with most studies reporting that higher body mass index (BMI) was associated with worse survival [5] [6] [7] [8] [9] . Few studies, however, have considered the joint associations of body size and physical activity on survival after breast cancer. Thus, it remains unclear whether the apparent prognostic association with BMI is confounded by physical activity or some other related factor.
Increased physical activity has been associated with reduced mortality after breast cancer diagnosis [10] [11] [12] [13] [14] [15] [16] , particularly in women with hormone receptor positive tumors [10, [13] [14] [15] . The epidemiologic evidence, however, is not consistent [17] [18] [19] , possibly due to methodologic differences between studies, such as inclusion of select study populations [10, 13, 16] , the timing of the physical activity assessment relative to diagnosis [16] , low response rates to post-diagnostic physical activity assessments [12] , select ages of the women studied [11, 18] , or small sample sizes [17] [18] [19] . Most of the studies conducted to date did not include non-white racial/ethnic groups [10, 12-14, 16, 18] , and not all studies examined whether associations varied by breast cancer hormone receptor status [12, 18] .
The present study examined the associations between lifetime and recent recreational physical activity and recent BMI with all-cause mortality, stratified by patient characteristics (i.e., age at diagnosis, family history of breast cancer, race/ethnicity) and tumor hormone receptor status in an international, population-based study of breast cancer.
Materials and methods

Subjects
This analysis was based on data from three family registries collaborating in the Breast Cancer Family Registry (Breast CFR), an international consortium established in 1995 and funded by the US National Cancer Institute [20] . Female patients newly diagnosed with invasive breast cancer were enrolled from the San Francisco Bay Area, California, USA (1995) (1996) (1997) (1998) (1999) (2000) , Ontario, Canada (1996 -1998 , and Melbourne and Sydney, Australia (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) . Cases were ascertained through the regional populationbased cancer registries, using specific eligibility and sampling criteria that have been described previously [21] . Briefly, in Northern California and Ontario, a two-stage sampling procedure was used to oversample cases with characteristics thought to be indicative of increased genetic susceptibility. A subset of cases not meeting the high-risk criteria was randomly sampled. The Northern California registry also oversampled cases from racial/ethnic minority populations. In Melbourne and Sydney all incident breast cancer cases diagnosed at age \40 years were eligible for enrollment in the Breast CFR, and those aged 40-59 years were randomly sampled at age-and state-specific rates. Approval of the study protocol was obtained from relevant institutional review boards and written informed consent was received from all study participants.
In Northern California, 2,008 cases \65 years of age were invited to enroll in the Breast CFR; of these, 37 were deceased and 1,569 (78%) completed the in-person interview on epidemiologic risk factors. In Ontario, 2,536 cases B69 years of age were selected; of these, 25 were deceased and 1,835 (72%) completed a mailed risk factor questionnaire. In Melbourne and Sydney, 1,780 cases 18-59 years of age were invited to enroll in the Breast CFR. In-person interviews were completed for 1,360 (76%) cases; 41 had died before being contacted for interview. After excluding (1) BRCA1 or BRCA2 mutation carriers (n = 217); (2) cases with a prior history of invasive cancer other than nonmelanoma skin cancer (n = 362); and (3) and cases with no post-interview follow-up (n = 32), 4,153 cases remained in the analyses.
Data collection
All cases completed a detailed questionnaire on family history of cancer in first-and higher-degree relatives, and a structured questionnaire on established and suspected breast cancer risk factors, including physical activity, height and weight (all prior to diagnosis), as well as treatment. Questionnaires were completed a mean of 19.2 (interquartile range = 10.6-25.2) months after breast cancer diagnosis. Tumor characteristics (tumor size, number of affected lymph nodes, grade (1, 2, 3, missing), histology, estrogen receptor (ER) and progesterone receptor (PR) status) were abstracted from pathology reports. Self-reported height and weight 1 year prior to diagnosis were used to calculate BMI (kg/m 2 ), and classified as normal weight (BMI \ 25.0 kg/m 2 ), overweight (BMI = 25.0-29.9 kg/m 2 ), and obese (BMI C 30.0 kg/m 2 ) [9, 22] . Women were asked about their lifetime history of recreational physical activity, including moderate exercise activities or sports (i.e., brisk walking, golf, volleyball, cycling on level streets, recreational tennis, or softball) and strenuous exercise activities or sports (i.e., swimming laps, aerobics, calisthenics, running, jogging, basketball, cycling on hills, or racquetball) at ages 12-17 years, 18-24 years, 25-34 years, 35-44 years, 45-54 years, and C55 years, and during the 3 years prior to diagnosis (recent). For each age interval and each type of activity (moderate and strenuous), information was collected on the duration of activity in hours per week (0.5, 1, 1.5, 2, 3, 4-6, 7-10, C11, do not know) and number of months per year (1-3, 4-6, 10-12, do not know). Hours per week and months per year were recoded to the midpoint (the highest hours per week interval was recoded to 15) and multiplied to obtain duration of activity per year (in hours) for each age interval. Lifetime average hours/year of physical activity was obtained by summing the duration of activity per year across the age intervals (except recent physical activity, which was considered separately), and dividing by the number of intervals. Moderate and strenuous activities were weighted by metabolic equivalents (MET) (8.5 for strenuous activity and 5.4 for moderate activity) [23] and combined to obtain MET-hours of physical activity per week. Physical activity was categorized into quartiles for women who exercised, based on the distribution of activity; the reference group for hazard ratio estimation comprised women who did not exercise. In stratified analyses, physical activity was categorized into two groups, based on the median physical activity level for women who exercised. Physical activity was not assessed for Australian cases diagnosed between 1 July 1991 and 1 July 1995 (n = 320); thus, they were excluded from analyses of physical activity. For women with information on duration of physical activity for a given age interval, but missing months per year (n = 212), the number of months was imputed to 6 months. Hazard ratio estimates were similar with and without this imputation.
Follow-up
Vital status of cases was ascertained through several follow-up activities, including telephone contact with cases or family members (Australia and Northern California, annually at the latter), annual mailed family history followup questionnaires (Ontario), as well as linkage to cancer registry and death registry records, review of medical records, or contact with physicians' offices (all centers). Dates of last follow-up ranged from 31 January 1994 to 18 July 2007, with a median post-interview follow-up of 6.5 years and total follow-up of 24,745 person-years. For the 4,153 cases in this study, 725 deaths were identified (187 in Northern California, 255 in Ontario, and 283 in Australia). Cause of death was not available for these analyses. For the subgroup of cases with physical activity data (n = 3,833), 623 deaths were identified.
Statistical analysis
Multivariable Cox proportional hazards regression was used to analyze associations between all-cause mortality and physical activity and BMI. Days since diagnosis was used as the time scale, with follow-up time left-truncated at the date of interview to avoid potential survival bias. Cases were censored at the date of death or date of last known contact. Relative risks of all-cause mortality were estimated as hazard ratios (HR) with 95% confidence intervals (CI). Wald tests for trend were used to evaluate associations with increasing physical activity and BMI.
Models included adjustments for study center (Northern California, Ontario, Australia), age at diagnosis (continuous years), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic white, non-Hispanic Asian, other, missing), years since last pregnancy (nulliparous, \2, 2-4, C5, missing) [24] , and tumor characteristics significantly associated with breast cancer mortality in our analyses, including size (B20 mm, [20 mm, missing), number of affected lymph nodes (0, 1-3, C4, missing), grade (1, 2, 3, missing), histology (invasive ductal, invasive lobular, other, missing), ER status (negative, positive, missing), and PR status (negative, positive, missing). Secondary analyses were performed with additional adjustment for treatment with chemotherapy (yes, no, missing) and tamoxifen (yes, no, missing) and exclusion of cases diagnosed with evidence of distant metastatic disease. Other characteristics, such as level of education, parity, age at first birth, and radiation treatment (after consideration of other treatment variables) were not associated with all-cause mortality, and therefore were not included in the final multivariable model. The proportional hazards assumption was tested for physical activity and BMI using significance tests of interactions with the time scale, and visual examination of scaled Schoenfeld residual plots; there was no evidence that these variables violated the assumption of proportional hazards.
We performed stratified analyses according to study center, age at diagnosis (\50 or C50 years), race/ethnicity, tumor size, number of affected lymph nodes, tumor grade, tumor histology, ER status, PR status, distant metastatic disease at diagnosis, and family history of breast cancer in first-degree relatives. Tests for heterogeneity across strata were conducted using likelihood ratio tests comparing models with and without an interaction term between physical activity or BMI and the stratified variable. P values B0.05 were considered statistically significant, and all tests of significance were two-sided. Analyses were performed using SAS Version 9.1 (SAS Institute, Cary, NC).
Results
The distributions of lifetime and recent physical activity and BMI are presented in Table 1 , along with other personal and tumor characteristics of the cases. On average, women exercised moderately or vigorously 22.4 METhours/week over their lifetime (prior to diagnosis) and 28.9 MET-hours/week (equivalent to 5.3 h of moderate or 3.4 h of vigorous activity per week) during the 3 years prior to breast cancer diagnosis. The majority of cases had a BMI in the normal range 1 year prior to diagnosis (mean for all cases = 25.4 kg/m 2 ), while 26% were overweight and 17% were obese. Over 70% of tumors with known hormone receptor expression status were ER and/or PR-positive.
Recent moderate or vigorous physical activity, compared with no activity, was associated with a 23 to 29% reduced risk of all-cause mortality, depending on quartile of activity (Table 2 ) (multivariate adjusted HR for any versus no activity = 0.73, 95% CI: 0.60-0.89), whereas average lifetime physical activity was not associated with all-cause mortality; in a secondary analyses, we excluded the first 3 years of follow-up to ensure that physical activity was assessed well before mortality and found that the results were not appreciably different (data not shown).
The inverse association with recent physical activity, however, was limited to women with ER-positive tumors (HR for any versus no activity = 0.66, 95% CI: 0.51-0.89); no association was found for those with ER-negative tumors (HR for any versus no activity = 0.88, 95% CI: 0.60-1.29) (P heterogeneity = 0.11) ( Table 3 ). For women with ER-positive tumors, associations with recent physical activity did not differ by BMI or race/ethnicity, with similar inverse trends found for Black, Hispanic and Asian women. Results were similar for women with PR-positive tumors (data not shown). For women with ER-positive tumors, there was no evidence that the inverse association between recent physical activity and all-cause mortality varied by age at diagnosis, menopausal status, study center, tumor grade, tumor size, number of affected nodes, histologic type, or family history of breast cancer in a firstdegree relative (data not shown).
Compared to normal-weight women, obese (HR = 1.21, 95% CI: 1.00-1.48), but not overweight (HR = 1.16, 95% CI: 0.92-1.45), women had a higher risk of all-cause mortality. The association varied by age at diagnosis (P for heterogeneity = 0.03), with positive associations with BMI limited to women diagnosed when aged C50 years (Table 4) . Moreover, the positive association with BMI in older women was limited to those with ER-positive tumors (Table 4) or those with PR-positive tumors (data not shown). The associations with BMI did not differ by race/ ethnicity, but were somewhat stronger for women who exercised [17.7 MET hours/week. Adjustment for recent physical activity did not appreciably change these BMI results. There was no evidence that the association with BMI in older women differed by other factors, such as study center, tumor grade, tumor size, number of affected nodes, histologic type, or family history of breast cancer in first-degree relatives (data not shown). For women aged \50 years at diagnosis, the lack of association with BMI (HR = 1.07, 95% CI: 0.86, 1.34 for overweight women; HR = 1.07, 95% CI: 0.81, 1.41 for obese women; P trend = 0.53) was consistently observed regardless of the ER status of the tumor and other tumor or disease characteristics (data not shown).
Recent physical activity and BMI were considered jointly in women of all ages (Table 5 ). Compared to women who were active and of normal weight, those who were active but overweight or obese had a 26% increased risk of death. By contrast, women who were inactive, had a 46% increased risk of death, regardless of BMI.
Discussion
In the present study, recent recreational moderate or vigorous physical activity was associated with lower risk of Not assessed (N) 320
a Recent activity during the 3 years before diagnosis b Lifetime activity from age 12 to age at reference year, not including recent activity during the 3 years before diagnosis all-cause mortality after diagnosis of ER-positive breast tumors. This finding is consistent with results of other studies [10, [13] [14] [15] that also reported stronger inverse associations between physical activity and mortality for women with hormone receptor positive breast tumors. For women with ER-positive tumors, inverse associations did not differ by BMI or race/ethnicity, although the analyses we were limited by small numbers of non-white women.
Ours is the second study [15] to report physical activity findings by race/ethnicity and the first to consider Asian women, as most prior studies were limited to white women. Several prior studies found weak inverse and/or nonsignificant associations between physical activity 1 year prior to diagnosis and survival after breast cancer [11, 15, [17] [18] [19] 25] . On the other hand, studies that considered physical activity levels after breast cancer diagnosis and treatment found stronger associations [10, 12, 13, 15] . Consistent with two prior reports [11, 18] , the present study did not find associations of survival after breast cancer diagnosis with average lifetime physical activity prior to diagnosis, suggesting that timing of physical activity is important, with only recent physical activity conferring benefits to overall survival. By contrast, the California Teachers Study cohort, which assessed physical activity at baseline (1995) (1996) and breast cancer diagnosis from 1995 to 2004, found that average lifetime physical activity was more strongly associated with overall mortality than physical activity 3 years prior to the baseline interview, a time period 3-12 years prior to breast cancer diagnosis [16] .
Of studies that considered physical activity 1 year prior to diagnosis, one found higher moderate or vigorous recreational physical activity to be associated with a 30% improved overall survival for overweight or obese women [11] . Another study found that at least 5 h of exercise per week 1 year prior to diagnosis was associated with a nonsignificant 20% decrease in risk of death from breast cancer [18] . In a third study, engaging in at least 9 METhours/week of recreational physical activity in the year prior to diagnosis was associated with a 31% lower risk of death [15] . While the present study did not measure physical activity levels after diagnosis or treatment, studies that had such measures found reduced risks of allcause mortality ranging from 29 to 67% for women who engaged in any (64-67%) [15] , C2.8 MET-hours/week (41-56%) [12] or C3.0 (29-44%) [10, 14] MET-hours/ week of physical activity compared to women who exercised less. In addition, women with early-stage breast cancer who walked at least 3 h per week and consumed at least 5 daily servings of fruit and vegetables for an average of 2 years after breast cancer diagnosis had a 44% reduced risk of death [13] .
In the present study, we found that being overweight or obese was associated with an increased risk of death for women of all race/ethnicities who were C50 years of age at breast cancer diagnosis, independent of physical activity. These findings are consistent with those of other studies [5-7, 26, 27] , including those that found stronger associations for post-menopausal women [7, 26] or, in agreement with our results, for women with ER-positive tumors [7, 28, 29] . There are some studies, however, that found associations between higher BMI and reduced survival in premenopausal or younger women [6, 8, 9, 25, [29] [30] [31] [32] [33] . Improved survival of physically active women may result from reduced exposure to cyclic estrogen and progesterone levels [19] , which may have a greater effect on women with hormone-responsive tumors [10] , as suggested by our and prior [10, 13] results; improvements in insulin resistance or reductions in hyperinsulinemia [10, 34] ; and consequent increases in sex hormone binding globulin, which reduces estrogen production and bioavailability [35] . The mechanisms by which higher BMI might increase mortality have, like physical activity, been hypothesized to involve higher circulating levels of estrogens [7] , insulin and insulin-like growth factors [36] [37] [38] [39] . Furthermore, obese women could have a poorer response to treatment because general chemotherapy caps at a body surface area of 2 m 2 , and might therefore be insufficient for larger women [7] , or obesity may influence the metabolism or efficacy of drugs used for systematic therapy [31] . Obesity and physical inactivity could also be indicators of other unhealthy lifestyle behaviors or other chronic health problems that reduce survival [8] .
Several potential limitations need to be considered when interpreting our results. We assessed self-reported, prediagnosis moderate and vigorous recreational physical activity. Therefore, we were not able to assess the contribution of other types of physical activity (e.g., occupational or household-related activity), which might vary by race/ ethnicity [40] , or the association with physical activity after breast cancer diagnosis. Some data suggest that, for most women, levels of activity after treatment are similar to their pre-diagnostic levels [41, 42] . In one study, however, the risk of death from all causes was increased by fourfold for the 22% of women who decreased their physical activity after diagnosis [15] . Recreational physical activity levels reported in the present study were higher than levels reported in prior studies, suggesting that physical activity levels could have been overestimated. However, except for tumor hormone receptor status, the association between recent physical activity and all-cause mortality did not vary by any patient or disease characteristics considered in this study, including tumor size, grade, or number of affected nodes. Thus, our results suggest that the inverse association was not restricted to women with early-stage, less debilitating disease and are unlikely to be explained by a reduction in physical activity due to prodromal effects among women who subsequently developed more advanced breast cancer. While we cannot rule out misclassification of physical activity levels, either by race/ ethnicity [40] or longer time between diagnosis and study enrollment, previous studies have found self-reported lifetime physical activity to be reliable and highly reproducible [43] [44] [45] [46] . Any misclassification in our study was probably non-differential, as recall bias was unlikely. Our study outcome was limited to all-cause mortality, preventing us from examining breast cancer-specific mortality and other prognostic endpoints. Prior studies of women with breast cancer have found that 48-70% of all deaths were due to breast cancer [10, [14] [15] [16] . We also lacked information on co-morbidities, which could influence allcause mortality [47] [48] [49] . While other studies have found obese women to be more likely to die of causes unrelated to breast cancer [33, 50] , a study based on earlier follow-up of the Australian Breast CFR case series reported that obese women were at an increased risk for distant recurrence [9] , a surrogate for breast cancer-specific survival.
The body size assessment was based on self-reported weight and height 1 year prior to diagnosis. Although selfreported BMI has been shown to underestimate measured BMI, the correlation between measured and self-reported BMI has been reported to be high [51] [52] [53] . While we lacked information on stage at diagnosis, we were able to adjust the analyses for tumor size and number of involved nodes. Furthermore, our findings were similar when we excluded women diagnosed with known distant metastatic disease (n = 58). However, due to the time between diagnosis and enrollment, it is possibly that women with more advanced disease, and possibly different activity and weight patterns, were underrepresented in our study. The strengths of this study include the large number of incident breast cancer cases from three countries, the population-based design, and the availability of clinical and interview data that allowed us to consider types of breast cancer and subgroups of patients. The three Breast CFRs used the same standardized questionnaire, and findings did not differ by study center. Bias due to differential follow-up was minimized by the use of linkages to population-based cancer registries and death registry records to track outcomes of all cases. We adjusted for any survival bias by left-truncating all cases at the time of recruitment. An additional strength was our ability to adjust for treatment, which did not change our findings. Because treatment is strongly correlated with measures of disease extent that were adjusted for in the analyses, we did not include treatment in our final multivariate models.
Findings from this international, population-based study further support the health benefits of maintaining an active lifestyle and normal weight. In addition to being associated with a decrease in women's risk of breast cancer [40, 54] , recreational moderate and vigorous physical activity during the 3 years prior to diagnosis of an ER-positive breast cancer was associated with improved all-cause mortality. Furthermore, obesity was associated with increased allcause mortality for women diagnosed at age C50 years with ER-positive breast cancer. Our findings suggest that physical activity and BMI exert independent effects on overall mortality after breast cancer diagnosis. Future studies with larger numbers of women of non-white race/ ethnicity will be needed to confirm these findings and consider measures of physical activity after breast cancer diagnosis.
